The foliage of Pinus strobus (eastern white pine), as that of all other conifers examined, is occupied by endophytic fungi, the most frequent of which is Lophodermium nitens. The number and extent of endophytic infections and the genetic relationship of individual isolates within living needles as well as their relationship to isolates from forest floor needles is unknown. To examine these and related questions, forest floor isolates and foliar endophytes from needle segments were obtained for ribosomal DNA sequencing and randomly amplified polymorphic DNA (RAPD) analysis. Molecular and morphological data were compared and infection frequency determined as a function of position along the needle. Ribosomal DNA sequences of foliar and ascospore isolates showed high levels of genetic similarity ( 97 % identity) for the internal transcribed spacer region. RAPD profiles were able to distinguish ascospore siblings from non-siblings, and also revealed that many needle isolates belonged to the same genotype as adjacent neighbour isolates, as would be expected from mycelial spread within the needle. Morphotype evaluation and RAPD profiles showed similar patterns : identical morphotypes grouped together and showed little or no genetic difference under RAPD analysis. Both morphological and molecular data indicated that the majority of infections were contained within 1 mm needle segments but could extend to about 4 mm in length. Infection frequency increased along the length of the needle from the proximal (shoot) end to the distal tip, with markedly higher rates in the distal quarter. Thus, endophytic
INTRODUCTION
Conifer endophytes are presumed to be ubiquitous, an assumption made for endophytes of all vascular plants (Petrini & Carroll 1981) . Studies to date have focussed primarily on the quantification of isolates obtained from surface-sterilized foliage. In recent years, molecular tools have been adopted in many fields of biological investigation, and these show great promise for improving our understanding of the ecology of foliar fungi. Examples include techniques using the polymerase chain reaction (PCR) to amplify random or targetted areas of the fungal genome, followed by gel electrophoresis to visualize and quantify the amplified products (White et al. 1990 , Williams et al. 1990 ) to parkeri in Douglas-fir, which infects via conidia, can vary by several orders of magnitude between managed stands and old-growth forest (McCutcheon, Carroll & Schwab 1993) . Isolates of Lophodermium spp. in Pinus resinosa exhibit high levels of DNA polymorphism (Bahnweg et al. 1994 . The infection of Pinus strobus by L. nitens ascospores has been documented on detached needles (Costonis, Sinclair & Zycha 1970) . This is assumed to be the sole means of host infection, and the pycnidiospores are hypothesized to be spermatial (Minter 1981 , Osorio & Stephan 1991 .
Fungal isolates are often obtained from surfacesterilized needles of white pine (Deckert & Peterson 2000) . These are presumed to be Lophodermium spp. based on cultural morphology and the predominance of L. nitens ascomata appearing on fallen needles in the litter. Cultures of Lophodermium spp. do not commonly form sexual reproductive structures, and conidia and conidiomata produced in culture are not diagnostic for species. DNA sequencing provides a means of establishing the identity and the relationship between isolates obtained from surface-sterilized leaves and single ascospore isolates from verified ascomata.
Species identification is now routinely done using sequence comparisons of ribosomal DNA. The internal transcribed spacer region (ITS) is composed of spacers ITS1 and ITS2 along with the intervening 5.8S gene. The ITS is found between the small (18S) and the large (28S) ribosomal subunit genes, and the high variation is particularly useful for species identification, while the sequences of the conserved genes are useful for comparisons at higher taxonomic levels (White et al. 1990) .
Frequently, a number of different isolates can be obtained from a single white pine needle and that number is partially a result of the sampling scale (Carroll 1995) . In some cases the isolates are morphotypically similar but in many instances they are not. These morphotypes are highly variable and plastic in appearance and present a diversity of morphological characters by which they can be distinguished. It is not known how many of these isolates represent unique genotypes or how reliable cultural morphotypes are in distinguishing genotypes. Knowing the reliability of morphotyping in making distinctions between isolate genotypes would permit their use in certain comparative studies. Multi-locus genotyping methods such as random amplified polymorphic DNA (RAPD) analysis can distinguish between fungal genotypes isolated from a single needle. Such techniques can also be used to assess the degree of genetic differentiation among needle and ascospore isolates.
The objectives of this study were to : (1) determine by DNA sequencing whether foliar and litter isolates from P. strobus are L. nitens ; (2) assess by RAPD analysis the genetic differentiation of sibling ascospores of L. nitens ; and (3) assess the genetic relationships of neighboring isolates of L. nitens in needles of P. strobus by morphological and RAPD comparisons.
MATERIALS AND METHODS

Needle Collection and Fungal Isolation
Forty branches of Pinus strobus were collected haphazardly from different trees in a single site in the Bracebridge Resource Management Centre near Bracebridge in the District Municipality of Muskoka, Ontario, in January, 2000. Age class II branches (i.e. originating two seasons previously) were taken from the lower to mid-canopy of trees approximately 20 yrold. The air temperature at the time of collection was k17 mC and needles were kept frozen until processing. In the laboratory, one fascicle was chosen randomly from each of 35 branches and a healthy needle selected from each fascicle.
Isolations were performed aseptically in a laminar flow hood. Needles were surface-sterilized by 5 min immersion in 70 % ethanol with vigorous agitation for 1 min, 5 min immersion in 50 % commercial bleach (2n5 % sodium hypochlorite), followed by several rinses in sterile distilled water. After sterilization, needles were placed singly in sterile Petri plates and covered with cool 3 % agar (approx. 49 m), which was allowed to harden in order to hold the needles firmly for sectioning and to clean the scalpel blade between sections. Plates were placed on a calibrated surface and needles sectioned into 1 mm pieces. Excised pieces were then plated sequentially on potato dextrose agar (PDA). To check for cross-contamination, seven surface-sterilized needles were paired with autoclaved (control) needles. After each segment was cut from a surface-sterilized needle, a segment was cut from the autoclaved control and segments were plated as described. Hyphal growth was evident from the surface-sterilized needle segments, but in no case did the controls show any growth. For each hyphal outgrowth, needle position was recorded and isolates were transferred onto a sterile cellophane membrane (Flexel, Atlanta, GA) on top of the PDA for DNA extraction, and also onto PDA without a membrane for morphotyping. When colonies had achieved sufficient size, mycelium was removed from the membrane and placed into sterile 1n5 ml centrifuge tubes and frozen (k18 m) until DNA extraction.
The L. nitens single spore isolates were obtained from litter needle hysterothecia resembling L. nitens ascomata according to Minter (1981) . The hysterothecia were selected from needles that had two adjacent ascomata within the same zone lines. One ascoma was affixed to the lid of a Petri plate with petroleum jelly and allowed to expel ascospores onto PDA which were separated and harvested as single spore isolates. To confirm the identification of the isolates, the adjacent ascoma was hand-sectioned and characterized to species using the keys of Minter (1981) .
Single ascospore isolates of Meloderma desmazieresii were obtained in a similar way. Meloderma infections do not produce zone lines but the ascomata are easily distinguished from those of Lophodermium. The ascospores of Meloderma are also distinctive under the 
DNA Extraction
DNA was extracted following Edwards, Johnstone & Thompson (1991) . DNA concentration was estimated by electrophoretic comparison on an agarose gel (1n4%) with a Hind III lambda digest (Promega). A portion of the genomic DNA was diluted 100i for use in PCR and stored frozen.
PCR amplification
ITS sequencing
To assess genetic similarity between known single ascospore isolates and isolates obtained from surfacesterilized needles, ITS sequences were obtained. DNA from five Lophodermium isolates were sequenced (Table  1) : three single ascospore isolates of L. nitens (BRMC3-3, Bracebridge, ON ; NS4-2 and NS5-3, Halifax, NS), and two needle isolates of Lophodermium spp.
(BRMC1-7, Bracebridge, ON ; NSWL4-3, Williams Lake, NS). In addition, DNA of an isolate of M. desmazieresii and an unidentified epistomatal fungus from needles of P. strobus (Deckert, Melville & Peterson 2001b) were also sequenced. In each 30 μl reaction volume, 1-5 ng of template DNA was combined with 1i PCR buffer (50 mm Tris HCl, pH 8n5), 200 μm of each dNTP, 2n5 mm MgCl # , 3n0 μl BSA (20 mg ml −" ), 0n5 μm of ITS1 primer (5h-TCCGTAGGTGAACCTG-CGG-3h), 0n5 μm ITS4 primer (5h-TCCTCCGCTTAT-TGATATGC-3h), and 1 unit of Taq DNA polymerase. ITS primer sequences were from White et al. (1990) . Amplification was done in a Perkin-Elmer Gene Amp 2400 thermal cycler with an initial denaturing step at 94 m for 2 min followed by 35 amplification cycles of 94 m for 30 s, 55 m for 1 min, 72 m for 1 min and a final extension step at 72 m for 10 min. Negative controls with no template DNA were included to check for contamination. Products were run out on 1n4 % agarose gels and stained with ethidium bromide to visualize under UV light. Bands were cut from gels and the DNA was extracted from the gel using a Millipore Ultra-free DA kit. Sequencing of the double-stranded PCR products was done with an ABI PRISM Taq FS Cycle Sequencing Ready Reaction Kit (Applied Biosystems) and an ABI 377 Automated DNA Sequencer using the ITS1 primer. ITS sequences have been deposited in the GenBank database (accession numbers AF426056-AF426062).
In addition to the sequences obtained in this study (Table 1) , ITS sequences of other Lophodermium spp. and members of the Rhytismatales from the GenBank database were also analyzed using distance methods. Sequences were first aligned with the program CLUSTAL-W (Thompson, Higgins & Gibson 1994) , using default parameters. The aligned sequences were visually inspected, and minor adjustments were made to improve alignment. The dendrogram was subjected to bootstrap analysis with the software package PHYLIP (Felsenstein 1989) , using the programs SEQBOOT (1000 bootstrap replications), DNADIST (Jukes-Cantor genetic distance), NEIGHBOR (UPGMA algorithm), and CONSENSE. Finally, dendrograms were produced with the PHYLIP program DRAWGRAM. Sequence alignment and tree have been deposited in the TreeBASE database (study accession no. S693).
RAPD Analysis
To assess genetic distances of isolates within a needle, and determine the length of individual infections, RAPD profiles were generated for isolates from two needles of Pinus strobus. RAPD profiles were also obtained from three pairs of single ascospore sibling isolates. Of nine primers screened (Biotechnology Laboratory, University of British Columbia, Vancouver, BC), five were selected for reproducible banding patterns and used in this study : P132 (5h-AGGGATC-TCC-3h) P159 (5h-GAGCCCGTAG-3h), P215 (5h-TCA-CACGTG C-3h), P231 (5h-AGGGAGTTCC-3h), P716 (5h-GGAGGAGGGA-3h). Amplifications for RAPD analysis were performed in a total reaction volume of 12n5 μl containing 1i PCR buffer, 200 μm of each dNTP, 2n5 mm MgCl # , 1n25 μl BSA (20 mg ml −" ), 0n5 μm of each primer separately, 0n5 units Taq DNA polymerase and 12n5-25 ng of template DNA. RAPD PCR amplifications were performed in a Hybaid PCR Express thermal cycler with an initial denaturing step of 94 m for 5 min, followed by 35 amplification cycles of UPGMA analysis of genetic distances among three pairs of ascospore siblings of Lophodermium nitens using RAPD profiles based on four primers and 13 polymorphic sites. BRMC3-2 and BRMC3-3 were single-spore isolates from the same ascocarp, as were the pairs NS2-1 and NS2-2, and NS5-2 and NS5-3.
94 m for 1 min, 37 m or 39 m for 1 min, and 72 m for 2 min and a final extension step of 72 m for 10 min. Negative controls were also included to check for contamination. PCR amplification products were electrophoretically separated on 1n5 % agarose gels at 100 v in 0n5i TBE buffer, stained with ethidium bromide and visualized under 300 nm uv light and photographed. Gel photographs were scored for the presence or absence of bands with the assumption of positional homology. Prior to genetic diversity calculations, data of monomorphic bands were omitted. To estimate the genetic distances between isolates, similarity coefficients (S) were calculated between isolates using the formula : S l 2N xy \ (N x jN y ) , where N x and N y are the number of fragments amplified in isolates x and y respectively, and N xy is the number of fragments shared by the two isolates (Nei & Li 1979) . Similarity coefficients were converted to genetic distance using the equation : D l 1kS. Dendrograms were prepared using the UPGMA algorithm (unweighted pair group method using arithmetic averages) of the NEIGHBOR program in the software package PHYLIP ver. 3.55c, and generated using DRAWGRAM.
Within-needle distribution and morphotype scoring
Thirty-five needles were collected, surface-sterilized, sectioned into one mm pieces and cultured on PDA as described above to document infection frequencies along the lengths of the needles. Thirty of these were used to observe cultural morphotypes and to visually assess the lengths of runs of infection in the needle. A run of infection was defined as adjacent needle segments containing isolates with the same morphotype or RAPD electrotype. As hyphae emerged from surface-sterilized needle pieces, position along the needle was recorded. Isolates were scored for morphotypic similarity after approximately one month. Starting at the distal end of the needle, each isolate was compared with its adjacent proximal neighbour and assigned a score according to its similarity to that neighbour (1 l dissimilar, easily distinguishable, 2 l similar, difficult to distinguish but minor differences can be seen in side-by-side comparisons, 3 l identical, not distinguishable in side-by-side comparisons). Isolates without adjacent neighbour isolates were scored as singletons. The number of segments occupied by each run of ' similar ' morphotypes and each run of ' identical ' morphotypes was tallied.
To compare infection frequencies for needle quarters, the total number of segments of each of 35 needles was grouped into quarter-needle lengths (proximal, medialproximal, medial-distal and distal). The mean isolation frequency was calculated for each quarter and subjected to a one-way analysis of variance. Post-hoc multiple pairwise comparisons were made using the Scheffe! test. Statistical analyses were performed using the SPSS (ver. 10) statistical package on an IBM platform.
RESULTS
ITS sequences
The ITS sequences (Fig. 1 , TreeBASE accession no. S693) of two foliar isolates (NSWL4-3, BRMC1-7) and three single-ascospore isolates (BRMC3-3, NS4-2, NS5-3) of L. nitens showed highest genetic similarity with GenBank accession no. AF203470 identified as Meloderma desmazieresii (Fig. 1) . M. desmazieresii is a common foliar fungus of Pinus strobus and also a member of the Rhytismataceae. We obtained singlespore isolates from confirmed M. desmazieresii ascomata, and sequenced the ITS region of one isolate. The ITS sequence of our single-spore isolate of M. desmazieresii showed greater similarity to the ITS sequence for L. australe and several other rhytismatalean fungi than it did to the GenBank M. desmazieresii accession AF203470 (Fig. 1) . At the time of this study, there was no ITS sequence available for L. nitens in the GenBank database. Table 2 . Isolates, their morphotypes, and locations in two Pinus strobus needles. 0, no isolate ; 1, dissimilar morphotype to proximal neighbour ; 2, similar morphotype to proximal neighbour ; 3, identical morphotype to proximal neighbour ; X, no proximal neighbour. 
RAPD analysis
RAPD profiles were generated for three pairs of sibling ascospore isolates of Lophodermium nitens using primers P132, P159, P215 and P231. Analysis of the banding patterns showed 13 polymorphic band positions among the six isolates. Dendrograms generated from these data showed that sibling isolates of L. nitens grouped together apart from other pairs, but siblings were distinguishable from each other (Fig. 2) . The genetic distance of 0n17 (read from a tip to the nearest node in common) between the sibling ascospore isolates from needle BRMC3 was derived based on just two differences in the RAPD banding patterns (BRMC3-2 pattern 011010111000, and BRMC3-3 pattern 0110101100000), whereas a genetic distance of 0n5 between sibling ascospore isolates from NS2 was based on four differences (NS2-1 pattern 0001001000101 and NS2-2 pattern 0001011010000) (Fig. 2) . For 11 isolates from needle BRMC3 of P. strobus, three RAPD primers (P159, P231 and P716) yielded 27 polymorphic banding positions, and for 26 isolates from needle BRMC4, four RAPD primers (P132, P159, P215 and P231) yielded 39 polymorphic banding positions. Among these needle isolates (Figs 3-4) , adjacent isolates usually grouped together while nonneighbouring isolates showed greater genetic distance. For isolates from needle BRMC3, the Pearson correlation coefficient of r l 0n59 between genetic distance and spatial distance was significant at P l 0n0001. For isolates from needle BRMC4, r l 0n43 was significant at P l 0n001. There were some isolates which showed identical banding patterns (0 genetic distance), and these clonal distributions were always found for spatially adjacent isolates. In these cases, morphotype analysis had also scored these isolates as ' identical ' (Table 2 ). Adjacent isolates that had been assigned ' dissimilar ' morphotypes either did not group together (e.g. BRMC4-16 and 17 ; Fig. 4 ) or showed some distance (e.g. BRMC4-59 and 60 ; Fig. 4 ). BRMC4-77, which was dissimilar in morphotype to BRMC4-78 and BRMC4-79 (Table 2) , was also distinct by RAPD analysis (Fig. 4) . BRMC4-78 and BRMC4-79 were identical morphotypically (Table 2 ) and similar electrophoretically (Fig. 4) . Unique morphotypes were also found to be unique RAPD phenotypes.
Isolation frequencies at different needle positions
There was a difference in isolation frequencies between needle-quarters (P 0n0001, F $,"$' l 30n68) (Fig. 5 ). The distal quarter had the highest mean isolation frequency and differed from all other quarters (P 0n0001). The proximal quarter differed from both the median-distal and distal quarters (P l 0n025, P 0n0001 respectively) but the median-proximal quarter differed only from the most distal quarter (P 0n0001). Thus, needle-quarters did not differ from adjacent quarters except in the case of the distal quarter, indicating a trend to increasing infection frequency approaching the distal tip of the needle. The three most proximal quarters contained segments with low isolation frequencies ( 10 %). The distal quarter possessed individual segments that showed the highest mean rates of isolation. 
Length of morphotype runs of infection
The longest run of infection in which adjacent isolates were ' similar ' was nine 1 mm segments (Table 3 ). This single run was located in the distal portion of the needle and may have consisted of multiple infections. With the exception of this segment, no runs of ' similar ' morphotypes were longer than three one-mm segments and the majority were just two. There was one run of ' identical ' morphotype that was five segments long (i.e. 4j mm). In contrast to the ' similar ' morphotype runs, there were several four-segment runs of ' identical ' morphotype. Run frequency increased with decreasing fragment length. As in the ' similar ' runs of infection, the majority of run lengths for ' identical ' were two segments long. There were more runs overall of ' identical ' morphotype than there were of ' similar ' morphotype. By far, the majority of morphotypes observed were singletons. These occurred either with or without adjacent neighbours and often arose from the same segment.
DISCUSSION
An unexpected finding was the very high genetic similarity in ITS sequences of our Lophodermium nitens isolates (GenBank AF26057-61) with the GenBank accession AF203470, which had been identified as Meloderma desmazieresii (CBS 612.84) (Fig. 1) . To explore this further, we obtained and sequenced the DNA of a fresh M. desmazieresii isolate. In our isolation protocol, the Meloderma ascoma was positively identified, expelled ascospores were selected under the microscope, ascospore germination was observed, and resulting cultures exhibited growth rates and morphology typical of Meloderma and distinct from Lophodermium. Similarly, our ascospore isolates of L. nitens were obtained from confirmed ascomata, ascospores and cultural morphotypes. We do not know the origin or isolation methods used to obtain the CBS isolate (612.84) of M. desmazieresii, but suggest that the species designation of GenBank accession AF203470 may be incorrect, and should be L. nitens. The close genetic similarity between the ITS sequences of confirmed ascospore isolates from L. nitens ascomata in leaf litter of P. strobus and leaf isolates obtained from surface-sterilized needles of P. strobus (Fig. 1) , supports the assumption that isolates from living needles are L. nitens (Deckert & Peterson 2000 , Deckert et al. 2001a . This is the perhaps the most convincing demonstration to date that the fungi commonly found sporulating in white pine litter actually colonize and inhabit the healthy needles of their host. Of additional interest is the clustering of isolates according to host taxonomic affinity (Fig. 1) . The L. nitens isolates, whose white pine host is a haploxylon pine, are distinct from the groups specializing in diploxylon hosts (L. australe, L. seditiosum, and L. pinastri) with moderate to high bootstrap support. These pine isolates, in turn, cluster separately from the spruce isolate (L. piceae).
The ability to distinguish between ascospore siblings by RAPD profiles (Fig. 2) implies that L. nitens is heterothallic. This provides additional reinforcement for the hypothesis (Minter 1981 , Osorio & Stephan 1991 that the conidia, which are not known to germinate in culture, are spermatial and function in this species as gametes.
An analysis of the genetic distance of isolates obtained from single needles (Figs 3-4) revealed several key findings : (1) In general, isolates contained within a needle were genetically diverse. This might be expected for infections arising from ascospores as compared to conidia. (2) Isolates sharing the same RAPD phenotype were always directly adjacent, suggesting mycelial spread within the tissues but not entirely ruling out clonal infections via conidia, though the latter could be expected to show interrupted distribution along the needle. (3) Isolates sharing the same RAPD phenotype were also always morphotypically identical. In contrast, adjacent isolates showing greater genetic distance (e.g. BRMC4-16 and -17 ; Fig. 4 ) also possessed different morphotypes. (4) Runs of infection by similar isolates extended a maximum of 4 mm along the needle but most occupied a single 1 mm segment, and this was supported by both molecular and morphotypical data and agreed with microscopic observations (Deckert et al. 2001a) . This size likely represents the maximum extent of an L. nitens infection in white pine needles of this age class. From this, we can infer an approximate maximum growth rate for the fungus in living needles of 2 mm in a growing season (4 mm in length in 2 years).
These results support the hypothesis (Deckert et al. 2001a ) that L. nitens undergoes constant slow growth after establishment within the leaf and, consequently, that the size of an infection relates to its age. Since the physical integrity of a needle deteriorates as the needle ages (Campbell 1972 , Kierstiens 1996 , one would expect to see an increasing rate of infection by endophytes in aging needles and therefore, more small (younger) infections than large (older) ones in any particular needle cohort. This is the pattern exhibited by the data in this study (that is, more small infections than large) and consistent with this hypothesis. It also agrees with the many observations that leaves accumulate endophytes as they age (Bernstein & Carroll 1977 , Stone 1987 , Legault, Dessureault & Laflamme 1989 , Suske & Acker 1990 , Johnson & Whitney 1992 , Hata & Futai 1993 .
The isolation frequencies observed here (Fig. 5) confirmed the results obtained by Deckert & Peterson (2000) that the distal half of the needle has higher levels of endophytic infection than the proximal half. In addition, it demonstrated that the proximal position has a significantly lower level of infection than the medial-distal quarter, a situation suggested by earlier data (Deckert & Peterson 2000) . This demonstrates convincingly that there is an increasing level of endophyte infection moving from the proximal end of the needle to the distal end. The main difference between the two studies was the level of resolution of the data. The data from this study are taken from 1 mm needle segments compared to the earlier work that divided needles into quarter-lengths. The differential infection frequency by position may be related to needle architecture and its effect on water shedding. Wilson & Carroll (1994) found that a high incidence of Discula infection near the midrib of Oregon white oak leaves related to spore deposition by water drainage and evaporation. In white pine, during periods of precipitation the long, thin needles hang down with the weight of water, causing rain to drip off the needle from the distal end. This presumably causes spores to accumulate in this area. Other mechanisms such as seasonal weather patterns during spore discharge, the presence of certain anatomical features (e.g. trichomes), and the phenology of leaf development (Wilson & Carroll 1994 ) have been proposed to explain the clumped distribution of leaf endophytes. The latter two as causal mechanisms probably do not apply in the case of white pine endophyte distribution. The needles are smooth, hydrophobic and do not possess anatomical features conducive to spore trapping. Phenology of leaf development has been proposed as an explanation in cases where there is differential expansion of leaf parts during initial growth because if growth occurs after the spore dispersal period, infected areas can grow away leaving uninfected zones behind. This does not explain the higher infection levels in the distal quarter of white pine needles because they are almost never infected in the first year when needle growth occurs (Deckert & Peterson 2000) . Even with the increased sampling resolution, results were similar to those in the earlier study in which needles were sampled in quarter-segments (Deckert & Peterson 2000) . This indicates that for Lophodermium spp. in white pine, sufficient resolution can be obtained from coarse sampling to determine overall needle distribution since the within-leaf scale is on the order of mm rather than μm as is the case with various endophytes of Douglas-fir (Carroll 1995) . If this observation applies equally to other pines, it validates the use of two-segment sampling per needle for certain applications as practiced by Hata & Futai (1996) .
Lophodermium nitens in culture displays great phenotypic variability. In this study, RAPD phenotypes coincided with cultural morphotypes. ' Identical ' morphotypes displayed similar RAPD banding patterns and ' dissimilar ' morphotypes showed distinct electro-phoretic profiles. This means that for some studies, cultural morphotyping may be an easier, less expensive method of studying white pine endophyte distribution. Since we were able to detect differences in RAPD profiles between closely related ascospore siblings, this increases our confidence that infections originating from different ascospores are distinguishable by this method. The results obtained here support the hypothesis that ascospores are the infective agent for Lophodermium species ; there is no evidence to indicate mitosporic infection because no similarity was seen in spatially distant isolates, nor were there non-adjacent clonal genotypes found in needles. Although an analysis of linkage disequilibrium would provide stronger evidence to support or reject this hypothesis, the data in this study, particularly the number of genotypes, were considered insufficient for a proper analysis.
RAPD analysis also indicated that the length of runs of individual infections are similar to those seen in the microscopical (Deckert et al. 2001a ) and cultural data. Results from this combination of approaches, therefore, strengthen the argument that runs of infection of L. nitens in white pine can reach an upper limit of several millimetres in length. Although localized rather than systemic infections have been suspected (Costonis et al. 1970) , this is the first empirical confirmation that such is the case.
